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This study deals with the biogeography of Antarctic microﬂora (Antarctica acts as best model to study
microbial biogeography) such as cyanobacteria and selected halophiles with special emphasis on Hal-
omonas variabilis and Bacillus licheniformis. Halophiles are known to be resistant not only to salt stress, but
also to extreme temperature, pressure, and aridity and they are capable of surviving in harsh environments
such as polar regions, deep-sea habitats, and deserts. Many microbes are known to be resistant to hostile
environmental conditions, and are capable of surviving in harsh environments. Our group has isolated 444
strains belonging to 28 genera of halophiles from various environments around the world. The 16S rRNA
gene sequences revealed that many of the isolated strains from geographically distant habitats having
different environmental conditions, were closely related to each other, with some strains possessing 100%
identical sequences. Organisms possessing survival mechanism such as spore formation are usually
ubiquitous. The genus Halomonas is represented by potentially endemic strains and the ubiquitous
H. variabilis, while spore-forming B. licheniformis showed cosmopolitan distribution. One potentially
endemic (moderate endemicity that is regional and/or continental distribution) strain was reported from
Syowa station, East Antarctica, and Mario Zucchelli station, West Antarctica, which are geographically
separated by 3000 km. Moreover, 15 strains having 100% similarity with B. licheniformis were considered
cosmopolitans. The results of this work provide support for themiddle-groundmodel that somemicrobes
have moderate endemicity and others have cosmopolitan distribution. These results will contribute to
a greater understanding of microbial biogeography with special emphasis on Antarctica.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Amongall continents, Antarctica has themore recent contactwith
humans. Theﬁrst ever landingof humans on the continent is nomore
than two centuries ago while East Antarctica hosted humans only
a century ago. It is characterized by extremely dry coldweather, high
UV radiation, gusting winds and the terrain is snow-capped most of
the time presenting a hostile environment for living organisms.þ81 82 424 7916.
).
of Geosciences (Beijing).
sevier
sity of Geosciences (Beijing) and PHowever, a handful of organisms such as bacteria and algae have
dominated the continent followed by lower plants (lichens and
mosses) thriving on this continent (Namsaraev et al., 2010).
Microbes are considered to be the most abundant and diverse
organisms on Earth (Whitman et al., 1998), but little is known about
their distribution pattern and biogeography within and between
major habitats. This is because, in the past, little importance has
been given tomicrobial biogeography, which has now turned out to
be of great importance due to (1) potentially vast microbio-
diversity; (2) protection of potentially endangered bacterial
species (Staley, 1997); and (3) ecological roles of yet-to-be-studied
species. It is now known from increased research explorations to
probe microbial diversity and biogeography (Naganuma and
Wilmotte, 2009; Vyverman et al., 2010) that a great number of
microorganisms inhabit Antarctica (Namsaraev et al., 2010).
A long-held assertion aboutmicrobial ecology is that “everything
is everywhere, but, the environment selects” (EiE; Baas-Becking,eking University. Production and hosting by Elsevier B.V. All rights reserved.
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The hypothesis was abetted by the statement that microbes being
tiny, their abundance on Earth, spore-forming ability and short
generation time facilitated their worldwide dispersal. Advocates of
the ubiquity axiom believed that all microbes are ubiquitous, as
microbes are large in number and are easily disseminated globally
(Vanormelingen et al., 2008) by many vectors such as water, wind
and animals. The notion EiE deﬁes the deﬁned geographic distri-
bution of microbes (Vanormelingen et al., 2008) as it was assumed
that ubiquitous distribution is possible in organisms less than 1mm
in size (Fenchel and Finlay, 2004). According to Whitﬁeld (2005),
the ubiquity of microbes is summarized in the ﬁrst part of the Baas-
Becking’s hypothesis “everything [microbes] is everywhere”.
However, the endemicity model is in direct contrast with the
ubiquity model suggesting that some free-living microorganisms
do possess distinct geographical patterns (Martiny et al., 2006).
According to Foissner (2006), it is highly unlikely that all microbes
are ubiquitous as a result of our sketchy understanding of microbial
diversity. Thus, Baas Becking’s dictum is no more than an
assumption. In contrast to EiE, Papke andWard (2004) have argued
that geographic barriers to microbial dispersal are relatively
common and physical isolation is an important driver of microbial
evolution. According to the endemicity theory some microbial
species have special environmental requirements which are not
commonly encountered throughout the globe such as extreme
habitats (hot springs, cryosphere, and hyperhalophilic habitats).
The potential dispersal of microbial species of these habitats is
much lower than those of non-extremophiles. This limited distri-
bution might promote local distribution creating distinct local
populations (Whitaker et al., 2003; Vyverman et al., 2007; Rossello-
Mora et al., 2008). This model suggests that it might be possible for
some microbes to be endemic in some areas.
Recently the debate on microbial biogeography is giving more
attention focusing on both tenets. The supporters of endemicity
suggest that most bacterial species have restricted geographic
ranges (Nemergut et al., 2011), while proponents of the ubiquity
hypothesis believe in the ubiquity of microbes, where they propose
that there is no biogeography for anything less than 1 mm (Fenchel
and Finlay, 2004). These apparently contradictory examples
suggest that, possibly, both ideas are true (Ragon et al., 2012).
Hence, a new concept of middle-ground model (cosmopolitanism
and moderate endemicity) is gaining support with the spectrum of
potential microbial biogeography in the middle and with ubiquity
and endemicity models at the extreme ends. A conservative
middle-ground model (cosmopolitanism) is explained in the
second half of Baas-Backing’s hypothesis: “everything is every-
where; the environment selects” (Whitﬁeld, 2005). This suggests
that microbes potentially and in reality have ubiquitous distribu-
tion if the ideal environmental conditions are provided. This caveat
infers that similar microbial community may occur in similar
habitats around the globe, at least below the aforementioned size.
The other middle-ground model that is “moderate-endemicity”
believes that most but not all of the microbes may be cosmopolitan
in distribution due to low transportability, tolerance, and adapt-
ability (Foissner, 2007). This model has unique features and
behaves differently from other models of biogeography; it is more
ﬂexible and does not lump all microbes under a single model of
biogeography. According to “moderate-endemicity”, wide dispersal
of some microbes is possible as a result of their small size, surviv-
ability, ease of transport and early colonization and rapid growth. A
study of ultramicrobacteria conducted by Nakai et al. (in press)
showed that some of these bacteria are distributed globally, while
other show restricted distribution.
The main reasons of discrepancy in microbial biogeography
include lack of data, lack of a unifying species concept forprokaryotes and the absence of universally accepted methods for
microbial biogeographic studies. As a result, our information on the
biodiversity and distribution of Antarctic microﬂorae is so far
mainly limited to traditional microbial identiﬁcation based on
morphological characteristics. To solve these problems, molecular
techniques were applied which have boosted our understanding of
microbial diversity, which in turn helped to describe their bioge-
ography. For example, the 16S rRNA gene, which has become one of
the primary tools in bacterial classiﬁcation, determines the genetic
diversity of complex bacterial populations based on comparison of
level of similarity between bacterial DNA sequences. However,
these census techniques have their own limitations and could not
develop discrete consensus on microbial biogeography so far. As an
example, one of the limitations of the 16S rRNA is providing only
partial information of the prokaryotic genome, instead of giving
full-length genome ampliﬁcation (Shah et al., 2011). Similarly, the
presence of multiple copies of 16S rRNA in bacterium (Dahllöf et al.,
2000) and chimeric sequences (Shah et al., 2011) severely hampers
community analysis and may lead to biased results. Although there
is increased precision of molecular methods, there is no compre-
hensive single methodology which can reveal the presence of every
single organism in a given environmental sample. One of the
serious problems in addressing microbial biogeography using
available molecular techniques is their inability to detect rare taxa
in the environment. The number and variety of less abundant taxa
present in any given environmental sample is large (Ashby et al.,
2007). This limitation of current microbial methods presents
hurdles in the detection of rare taxa and in understandingmicrobial
biogeography on a global scale. So these methods should be used
with great caution while comparing communities between envi-
ronmental samples, especially when species of interest are rare in
any of these samples.
Besides their weakness, the application of molecular methods
resulted in the increase of polar microﬂoral biodiversity database
and suggesting a degree of endemism (Taton et al., 2006;
Laybourn-Parry and Pearce, 2007; Hobbie and Laybourn-Parry,
2008; Vyverman et al., 2010; Fernandez et al., 2011; Margesin
and Miteva, 2011), which may be due to isolation and the
unique habitats in these regions. The geographic isolation and
evolutionary history of Antarctica produced a unique habitat
supporting endemicity of microbes (Fernandez et al., 2011).
However, there is need to be careful as global microbial data still
have to be unveiled and available gene databank is incomplete.
For example three taxa previously considered as endemic to
Antarctica showed more than 99% similar to sequences found in
High Arctic Canada (Jungblut et al., 2010). It is noteworthy that
some microbes (particularly aerially dispersed) which can go
dormant for extended periods of time and survive harsh envi-
ronmental conditions are more likely to be transported for long
distances (Jones and Harrison, 2004). The smooth but rapid (up to
240 km/h) wind ﬂow of the troposphere carrying dust particles
and microbes can facilitate dissemination of microbes across the
continents in as little as a few days. Particles including microbes at
this altitude may be carried from adjacent land masses such as
Patagonia and the Falkland Islands to the Antarctic coast and
interior (David and Williams, 1991). It is not difﬁcult for aerially
transported microbes of the mid latitudes to travel to Antarctica.
On landing in Antarctica, viable microbes which are more tolerant
to harsh environments might colonize successfully at the onset
of favorable conditions. The inter-continental movement of
microbes suggested that there is nothing far for microbes. So the
isolation and remoteness only do not support the idea of ende-
micity in microbes, and that they must be accompanied by some
other forces shaping the potential endemicity of microbes in
Antarctica.
W. Azeem Jadoon et al. / Geoscience Frontiers 4 (2013) 633e646 635On the other hand some genera like Halomonas of the gam-
maproteobacteria group host representatives of both potentially
endemic as well as cosmopolitan strains isolated from Antarctica.
These ﬁndings support the concept of the middle-ground model,
which states that some microbes may have moderate endemicity
while others are cosmopolitans. It is widely accepted that Hal-
omonas variabilis has a cosmopolitan distribution (Kaye et al., 2011)
and can be isolated from many habitats such as deep-sea vents
(Kaye and Baross, 2000; Kaye et al., 2011), hot petroleum reservoirs
(Orphan et al., 2000), the Great Salt Lake (Fendrich, 1988), Antarctic
sea ice (Bowman et al., 1997) and terrestrial environments in
Antarctica (Okamoto et al., 2004). Some strains belonging to genus
Halomonas have been isolated from saline ponds near Syowa
Station, East Antarctica, and near the Mario Zucchelli Station, West
Antarctica (Naganuma et al., 2005) and never reported from other
parts of the globe so far. There existed no closely related type
strains to these newly reported strains anywhere, and homology
with most closely related sequence according to the DDBJ/EMBL/
GeneBank DNA database was as high as 97.7%. Until now, neither
closely related strains nor sequence have been obtained elsewhere,
suggesting that these strains may be endemic in the saline ponds of
Antarctica.
A spore-forming bacterium Bacillus licheniformis, characterized
by its tolerance for salinity, high temperature and pressure stress, is
of particular interest. Based on these abilities it is thought that
B. licheniformis has a global distribution and is considered as
cosmopolitan. In this study, closely related strains and some having
100% resemblance were isolated from a wide range of habitats
throughout the globe such as the Gobi Desert in China, yellow dust
blown from China to Japan (Hua et al., 2007), Qaanaaq glacial
moraines on Greenland (Yukimura et al., 2009), and Livingstone
Island, Antarctica (this study). It is noteworthy that these strains
grouped with B. licheniformis and are considered cosmopolitan
strains. The spore-forming ability of B. licheniformis is one of its
successful strategies to survive the harsh environments such as
drought, extreme temperature, ultraviolet radiations, and extreme
oligotrophic conditions (Onyenwoke et al., 2004; Amato et al.,
2007; Yukimura et al., 2009). Microbes characterized by spore
formation are more likely to be transported long distances andmay
have wide distribution and considered as cosmopolitan. The wide
global distribution of these isolated strains and B. licheniformis
supports the Baas Becking’s hypothesis that everything (some
microbes) is everywhere if provided with suitable environmental
conditions. In this case, spore formation may help these bacteria to
tolerate harsh environmental conditions and which might cause
them to germinate on arrival of suitable conditions.
Yet despite much recent information, knowledge about the
biogeography of the Antarctic microﬂora is still in its infancy. The
problem lies in the lack of comprehensive literature review on
biogeography of microbes; the relevant data are often vague,
scattered, and highly prone to error due to ﬂaws in identiﬁcation
methodology (Foissner, 2006). The biogeographical investigation of
Antarctic microbial ﬂora is of immense importance for the effective
management and conservation of important organisms in the
future. Endemic species having small population and narrow
distribution and which are inherently more vulnerable to extinc-
tion (Gaston, 1998) are important targets for conservation (Myers
et al., 2000). Microorganisms have been largely ignored by
conservation efforts. Yet their role in biogeochemical processes,
their diversity and abundance, and their potential as repositories of
valuable genetic information andmetabolic products make them as
important as animals and plants. However, the arguments for their
conservation require careful examination and are not merely an
extrapolation of the arguments for animal and plant conservation
(Cockell et al., 2009). Antarctic organismsmay possess cold tolerantenzymes and bioactive compounds of signiﬁcant nature, which
may have industrial and biotechnological applications. They are not
merely useful as our survival depends on them. Hence the
conservation of microbes on account of their inherent value is not
a controversial motive (Cockell et al., 2009). This article deals with
the biogeography of microbes in Antarctica based on available
literature and original results (for studied halophiles) collected by
our research group from various parts of the world including
Antarctica.
1.1. Why “everything is everywhere” is considered as metaphor?
Although much valuable work has been done for the past
decade, available data do not clearly support or reject the EiE
hypothesis. A seminal notion based on the ubiquity dictum, that all
microbes are ubiquitously dispersed globally, was challenged by
the advent of many molecular techniques and their application in
the ﬁeld of microbial ecology. Now the question is why EiE has been
criticized? To answer this question, let us discuss some studies
supporting the metaphor of EiE. For example, Fenchel et al. (1997)
conducted their experiment for local vs. global diversity measure-
ment of ciliates and found high local/global diversity ratio for cili-
ates with about 10% of the global ciliate species present in one small
freshwater pond. From this study they concluded that microor-
ganisms are present almost everywhere. Later on these results
were criticized by Foissner (2006), arguing that the diversity of
ciliates is an unknown quantity. According to Foissner et al. (2002)
global estimate of ciliate species is much higher (30,000 species)
than Finlay’s (2001) estimates of 3000 ciliate species globally.
According to Foissner ﬂawed results based on Fenchel and Finlay’s
estimates of ciliate species led to a high local/global diversity ratio.
As long as the global diversity of studied organism is unknown, the
use of local/global diversity measure is futile (Foissner, 2006).
Another example is under-sampling of microbes due to methodo-
logical errors and misidentiﬁcationwhich leads to the disregard for
rare species with distribution data becoming skewed to the ubiq-
uitous and easy to identify species (Foissner, 2006; Petz et al.,
2007).
There are microorganisms known to have wide range of distri-
bution throughout the globe. Their ubiquitous distribution
supports the ﬁrst part of the EiE hypothesis when providedwith the
conditions described in the second half of this hypothesis. For
example, Arctic and Antarctic regions characterized by similar
ecological conditions but separated geographically by climatic
barriers (Staley and Gosinks, 1999) were found to harbor repre-
sentatives of similar genera, representing those members likely to
possess similar survival mechanisms (Christner et al., 2008). Petz
et al. (2007) identiﬁed 334 species of freshwater ciliates in both
polar regions and observed 44 species common to both poles.
Similarly Jungblut et al. (2010) found a global distribution of cold-
adopted cyanobacteria throughout the cold terrestrial biosphere.
Besides this, somemicrobes endemic to Antarcticawere found later
on to have the highest match (more than 99.6%) to some of the
sequences reported from the high arctic regions (Jungblut et al.,
2010). As with the development of genetic database the propor-
tion of potential endemism in microbes is decreasing (Fernandez
et al., 2011). Apart from these situations, the lack of one standard
technique to study microbial biogeography is one of the big hurdles
blocking consensus in microbial biogeography. In addition,
different techniques may provide different results for the same
dataset. For example, Cho and Tiedje (2000) found ﬂuorescent
Pseudomonas strains with a cosmopolitan distribution based on the
results of 16S rRNA gene sequences but genomic ﬁngerprinting
revealed a high level of endemicity. Hence, current science is not in
a position to completely accept or reject the hypothesis EiE. We
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biogeography of microbes.
1.2. Endemism in Antarctica
About two decades ago, the microbial community structure in
Antarctica was a mystery with knowledge of microbial distribution
based solely on traditional morphological studies. However, due to
morphological similarities, it is sometimes difﬁcult to distinguish
between two species of microorganisms. To overcome the problem,
molecular techniques were used in microbial ecology (Laybourn-
Parry and Pearce, 2007). With the sophistication of these tech-
niques, the role of microbes and their biogeography are becoming
more clear (Moosvi et al., 2005). As it is a long-held debatewhether
microbes have restricted geographical distribution or endemic to
speciﬁc areas or not, many studies tried to answer the question
without conclusive results. To ﬁnd the answers of microbial ende-
mism, Antarctica represents the best study model as it is isolated
from rest of the world (Vincent, 2000b).
Antarctica is assumed to be isolated from other landmass as
a result of the wide oceanic expansion and has been so for 25e30
million years (Clarke, 2003). It is several hundred kilometers from
its closest neighbor. This spatio-temporal isolation of Antarctica
from the other continents might have favored the evolution of
endemic taxa (Vincent, 2000b; Fernandez et al., 2011) and might
have limited the colonization of temporal latitude species that may
have given rise to indigenous species (Margesin and Miteva, 2011).
It is evident that the local scale dispersal of microbes is more efﬁ-
cient than large-scale dispersal (Vincent, 2000b) because active
dispersal is critically constrained in the latter (Jenkins et al., 2007).
The isolation of Antarctica from the rest of the world for millions of
years and the more efﬁcient dispersal of local species compared to
long-distance dispersal may support the concept of potential
endemism (Taton et al., 2006). Dispersal itself will not alter
biogeographical patterns unless it is accompanied by successful
colonization of the new environment. If colonization rates are very
low, we would expect to observe endemicity at the community-
level (Papke and Ward, 2004).
Antarctica is considered one of the most hostile environments
on Earth characterized by extreme cold, dryness, gusting winds, UV
radiations and light extremes (i.e., total darkness in winter and
permanent light in summer) (Severin and Stal, 2010). This harshTable 1
List of bacteria present in different habitats of Antarctica as determined by the rRNA app
Soil Continental shelf sediment Cyanobacte
a-Proteobacteria 1 1 1 1
b-Proteobacteria 1 1 1 1
g-Proteobacteria 1 1 1 1
d-Proteobacteria 0 1 1 1
ε-Proteobacteria 0 1 1 0
Acidobacteria 1 0 1 0
Gemmatimonadetes 1 0 0 0
Bacteroidetes 1 0 0 1
Actinobacteria 1 1 1 1
Chloroﬂexi 1 0 0 0
Chlamydiae 1 1 1 1
Nitrospira 1 0 0 0
Clostridium-Bacillus 0 0 0 1
Cytophaga-Flavobacteria 0 1 1 1
Spirochaetales 0 0 1 0
Green non-sulphur 0 1 1 0
Planctomycetales 0 1 1 0
Cyanobacteria 0 0 0 0
OP11Group/others 0 0 1 1
Uncultured 1 0 0 0
Archaea NA 1 1 1
The original table that showed the percentage of these phyla in different habitat was menvironment is hostile to life in the region; hence only quite a few
organisms can survive under such circumstances, resulting in
a truncated food web (Laybourn-Parry, 2002). In many lakes,
comparatively low temperature, low photosynthetically active
radiation (PAR) and meager quantity of nutrients make these
habitats severely hostile for organisms. The organisms surviving
under such a harsh environment underwent high-pressure selec-
tion and developed special survival mechanisms (Van Trappen
et al., 2002). For example, phytoplankton residing in poorly illu-
minated lakes have evolved photo-systems adapted to shade and
feeding mechanisms known as mixotrophy (Marshall and
Laybourn-Parry, 2002). These organisms have evolved morpho-
logically and functionally to sustain their life in such a hostile
environment (Laybourn-Parry and Pearce, 2007; Margesin and
Miteva, 2011). These extraordinary features in psychrophiles may
have evolved due to strong environmental selection (Vincent,
2000b; Poli et al., 2007), rendering these organisms genetically
divergent from their close non-polar relatives.
Based on these ﬁndings it may be assumed that there would
have been special microbial masses that evolved in these extremely
cold habitats and may represent potential endemism (Laybourn-
Parry and Pearce, 2007; Fernandez et al., 2011). An investigation
carried out by Petz et al. (2007) identiﬁed 334 species of freshwater
ciliates in both polar regions and observed 44 species common to
both poles. Over 20% of the taxa were found to be new to science in
any one of the investigated areas. The differences in species
composition between both polar regions suggested a restricted
distribution of freshwater ciliates instead of an ubiquitous nature.
Microbial endemism is argued based on the isolation and
extreme environmental conditions of Antarctica. However, the
point here is to identify what is far for a microbe? Microbes, due to
their high abundance and small sizes, have the ability to disperse
with great frequency from one part of the world to another over
long distances through passive means (i.e., winds, water currents
and humans) (Vanormelingen et al., 2008; Watts et al., 2011;
Wilkinson et al., 2012). Although, differences among different
groups of microbes may affect their relative transportability in
ameasurableway (Litchman, 2010), it is possible for somemicrobes
from the low latitudes to reach geographically isolated Antarctica. A
study conducted byWhitaker (2006) suggested that spore-forming
andmotile organisms are able to disperse freely andwould bemore
likely to be cosmopolitan. Taton et al. (2006) found operationalroach.
rial mat sample Subglacial ice Lake sediment Saline lake sediment
1 0 1
1 1 1
0 0 1
0 0 1
0 0 0
0 1 0
0 0 0
0 0 0
1 1 1
0 0 0
0 1 1
0 0 0
0 0 1
0 0 1
0 0 1
0 1 0
0 1 0
0 1 1
0 1 0
0 0 1
NA NA 1
odiﬁed in current paper and we just focused on the presence absence data.
Figure 1. Location map of studied sites in Antarctica.
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more widespread over the frozen continent than potential
endemics. This situation indicates that these OTUs may be well
adapted to transport and dispersal and thus were quite successful
in spreading and colonizing new Antarctic habitats or vice versa.
Hence, endemism of microbes in Antarctica should be considered
with great caution, as microbes can travel long distances and have
strategies to tolerate harsh environments. As genetic databases
grow, they may introduce gene sequences from other parts of theFigure 2. Micrographs of cells of Antarctic Bacillus licheniformis isolates (world whichmight have similarity to species previously considered
as endemic to Antarctica.
1.2.1. Endemism in Antarctic cyanobacteria
In the Antarctic region many researchers have focused on the
cyanobacteria to explore and expand the knowledge base of
bacterium in the region (Vincent, 2000a,b; Taton et al., 2003, 2006;
Vyverman et al., 2010; Fernandez et al., 2011). Cyanobacteria was
found to be the most successful autotrophic group in the regiona) AN-S10, (b) AN-sR16, and (c) AN-sR34; and (d) Halomonas isolate.
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teria have been isolated from the bottoms of inland waters (i.e.,
streams, lakes and pools) where they occur as microbial mats; from
water columns, soils, cryoconite holes, cryptoendolithic habitats
and rock surfaces (Vincent, 2000a; Bargagli, 2005; Severin and Stal,
2010). However, the biogeography of different taxa of cyanobacteria
is still in its infancy and provides the grounds for heated debates.
The initial attempts to study the biogeography of cyanobacteria in
Antarctica were totally based on morphological characteristics
(Vincent, 2000a), and owing to the morphological plasticity of
cyanobacteria has led to vague results: that there is a rare chance of
endemism in polar cyanobacteria (Zakhia et al., 2008). Besides this,
Komárek (1999) claimed that Antarctic taxa have been identiﬁed
using taxonomic keys developed for temperate and tropical
microﬂora, which assigned cosmopolitan distribution of these taxa.
However, the combination of phenotypic and genotypic approaches
to study cyanobacteria resulted in a modern classiﬁcation system
(Komárek et al., 2008) that changed the previous views of no
endemism in Antarctic cyanobacteria.
The ﬁrst ever culture-independent molecular ecological inves-
tigation was conducted to study the phenotypic and genotypic
biodiversity of cyanobacteria in ﬁeld microbial mat samples of Lake
Fryxell and in artiﬁcial culture using the benthic gradient chamber
(BGC) (Taton et al., 2003). This study showed a total of eight mor-
photypeswith one endemic morphotype to Antarctica based on the
phenotypic approach, while molecularly aided approach yield
entirely different results with higher number (15) of phylotypes.
The results of 16S rRNA gene sequence showed three Antarctic
lineages and two novel lineages out of a total 11 lineages tran-
scribed. It was suggested that endemism in Antarctic cyanobacteria
could be higher than what has been estimated on the basis of
morphological features alone (Taton et al., 2003). Similar results
were obtained by Jungblut et al. (2005) and Taton et al. (2006) who
suggested high rates (57.1%) of potential Antarctic endemic cya-
nobacterial species. Gibson et al. (2006) assessed the distribution of
Antarctic cyanobacteria by comparing web-based database of rRNA
gene sequences with sequence data of cultured and uncultured
strains of microbial mats from Antarctica reported by many
previous studies (e.g., Vincent, 2000a,b; Nadeau et al., 2001; Taton
et al., 2003). They identiﬁed a total of 53 operational taxonomic
units (OTUs), of which 38 OTUs were totally new and have never
been recorded outside Antarctica. Similarly, some recent studies
(Vyverman et al., 2010; Fernandez et al., 2011; Margesin and
Miteva, 2011) showed biogeographical patterns (e.g., potential
endemism) in cyanobacteria that could be the result of geograph-
ical isolation (Vyverman et al., 2010).
However, three taxa of cyanobacteria previously identiﬁed as
endemic to Antarctica (Komárek, 1999; Taton et al., 2006) were
found to have more than 99% similar sequences from the Arctic
region of Canada (Jungblut et al., 2010). Cyanobacteria isolated from
cold habitats have optimum growth rate at 15e20 C, suggesting
that they might have their evolutionary origins in temperate areas
that later colonized these cold habitats (Jungblut et al., 2010). A
recent study documented early Eocene climate on Antarctica and
found that it was characterized by 16 C mean annual temperature
(MAT) and mesothermal to megathermal taxa of modern
subtropical to tropical settings in Australia, New Guinea and New
Caledonia (Pross et al., 2012). It is then possible that during the
Eocene era cyanobacteria present on Antarctica were similar to
those found in low latitudes today, as MAT of 16 C which could
have encouraged the growth of those cyanobacteria. The potentialFigure 3. Neighbor-joining phylogenetic tree showing diversity of isolates afﬁliated to gen
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 rep
dataset. Names and origins of isolates are in bold. The scale bar indicates 0.02 substitutionendemism is decreasing in Antarctica, as Taton et al. (2006) sug-
gested that 57% potential endemic OTUs of cyanobacteria has been
reduced to 28.5% due to increasing database since then (Fernandez
et al., 2011). The growing database has recorded similar sequences
of many taxa from other parts of the world which were previously
recognized as endemic to Antarctica. Similarly, 11 out of total 12
OTUs in Antarctica were characterized as cosmopolitan in distri-
bution and only one OTU was found to be potentially endemic to
Antarctica (Fernandez et al., 2011). Although according to
Fernandez et al. (2011) one OTU was potentially endemic, however
much caution was taken place to describe this OTU endemic to
Antarctica, as it may be present in any other part of the world.
Hence it is more appropriate to use the word “potentially endemic”
rather than endemic.
Besides cyanobacteria there are many members of other
microbial ﬂora present in Antarctica. One signiﬁcant study shed-
ding light on Antarctic microbial diversity listed eight bacterial
phyla (viz., Protobacteria, Acidobacteria, Bacteroides, Actinobacteria,
Chloroﬂexi, Chlamydiae, Nitrospira and Gemmatimonadetes) other
than cyanobacteria in soil from the oasis region (Shivaji et al.,
2004). The list of genera reported by Shivaji et al. (2004) and
some other studies is shown in Table 1. Data show the presence of
these bacterial phyla in different habitats of Antarctica, but silent
regarding the biogeography of these phyla in this region. About two
decades before, there were few studies conducted on microbial
inventory and biogeography, however, with the passage of time the
microbial database from Antarctica has increased considerably. The
data had some shortcomings as the focus is still on the cyanobac-
teria and the other drawback is that data is scattered and in its
infancy. Hence, it is difﬁcult to make concrete statements about the
diversity and biogeography of microbes present in Antarctica.
2. Materials and methods
2.1. Sample collection and isolation
Our research group collected halophilic bacteria from a wide
range of habitats, including soil and water from deep-seas, deserts
and polar regions (Table S1). Our study sites in Antarctica are Liv-
ingston Island, Maritime Antarctica and Lake Suribachi Ike, Soya
Coast, East Antarctica (Fig. 1). The isolated strains from these two
studied sites of Antarctica were B. licheniformis and Halomonas. The
environmental parameters were broad: geographically, isolates were
collected from between latitudes 79N and 74S; at water depth of
0e7781 m; temperature of sub-zero to over 100 C; from 0% salinity
to saturation; and from oxidative to strongly reductive conditions.
Collected samples were brought to the laboratory for further
analyses. Halophiles were isolated from collected raw environ-
mental samples following Okamoto et al. (2004). For the collection
of high heat tolerant spore-forming halophiles, the medium was
heated at 80 C for at least 10 min, which gave selective screening
(Krieg, 1981). After 2 weeks these enrichment cultures were spread
on 1.5% agar plates. This process was repeated three times to get
pure colonies.
2.2. Phylogeny
Genomic DNA was extracted according to the procedure of
Okamoto et al. (2004) followed by ampliﬁcation of near full-length
fragments of the 16S rRNA gene (DeLong, 1992). After speciﬁc
ampliﬁcation, PCR products were puriﬁed using QIAquick PCRus Halomonas based on near full-length 16S rRNA gene sequences. The percentages of
licates) are shown next to the branches. There were a total of 1286 positions in the ﬁnal
s per nucleotide site.
W. Azeem Jadoon et al. / Geoscience Frontiers 4 (2013) 633e646640puriﬁcation kit (QIAGEN, Maryland, USA). All puriﬁed PCR products
were sequenced using ABI 3730XL automatic DNA sequencer
(Applied Biosystems, Foster, USA). Sequences were obtained by
performing BLASTN homology and compared with those from the
DDBJ/EMBL/GenBank database. The highly homologous sequences
of the type strains and culture strains were aligned using the
ClustalX multiple alignment program (Larkin et al., 2007). These
sequences were used to construct phylogenetic tree by the
neighbor-joining (NJ) algorithms (Saitou and Nei, 1987) using
MEGA ver. 4.0 (Tamura et al., 2007). Out of total 444 isolated strainsFigure 4. Neighbor-joining phylogenetic tree showing diversity of isolates afﬁliated to gro
percentages of replicate trees in which the associated taxa clustered together in the bootst
positions in the ﬁnal dataset. Names and origins of isolates are in bold. The scale bar indicbelonging to 28 genera, we will present only two genera (1) Hal-
omonas as an example of “endemism to cosmopolitanism” and
(2) Bacillus as cosmopolitan from Antarctica (Fig. 2).
3. Results and discussion
3.1. Endemism to cosmopolitanism
There are some genera which comprise species of cosmopolitan
distribution and at the same time hosting some other species thatup 1 of Halomonas species based on near full-length 16S rRNA gene sequences. The
rap test (1000 replicates) are shown next to the branches. There were a total of 1286
ates 0.0005 substitutions per nucleotide site.
W. Azeem Jadoon et al. / Geoscience Frontiers 4 (2013) 633e646 641are thought to be potentially endemic to particular areas. Here we
will discuss the Halomonas genus of halophilic bacteria isolated by
our group from different habitats including Antarctica.
3.1.1. Isolated strains of the non-spore-forming genus Halomonas
Of the 28 genera of halophiles, most of the isolated strains (152)
were representatives of the genus Halomonas of the class Gam-
maproteobacteria. Genus Halomonas is a typical euryhaline halo-
phile that utilizes ectoine, glycine, betaine, and other substances as
osmoregulators (Galinski, 1995; Cánovas et al., 1998) and occurringFigure 5. Neighbor-joining phylogenetic tree showing diversity of isolates afﬁliated to gr
sequences. The percentages of replicate trees in which the associated taxa clustered togeth
a total of 1286 positions in the ﬁnal dataset. Names and origins of isolates are in bold. Thein various environments. We isolated Halomonas in abundance
from many habitats including seawater, marine sediments, salt
lakes, deserts and from Antarctica.
In this study, the isolated strains of Halomonas from various
environments were divided into three main groups such as Hm
groups 1, 2 and 3, based on their closest known species (Fig. 3).
About 60 isolated strains grouped together in Hm group 1, andwere
closely related to Halomonas meridiana, Halomonas aquamarina,
and Halomonas axialensis; and these strains did not constitute any
genetically mutated group (Fig. 4). The strains closely related tooup 2 and group 3 of Halomonas species based on near full-length 16S rRNA gene
er in the bootstrap test (1000 replicates) are shown next to the branches. There were
scale bar indicates 0.005 substitutions per nucleotide site.
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ronments, such as surface seawater and deep-sea sediments, with
the homology shown to be at least 99% between each of the strains.
However, we did not conduct physiological experimentation in this
study; the precise species towhich the isolated strains belong could
not be elucidated. Although the geographical distances between
the sampling locations of these strains were large, all sources were
seawater or deep-sea sediments. In addition to those isolated by
our group, strains closely related to these three species have been
reported from various oceanic environments (James et al., 1994;
Sass et al., 2001), possibly suggesting their cosmopolitan distribu-
tion in marine environments.
For strains closely related to H. variabilis in the Hm group 2, the
homology was as high as 99.93% between strains isolated from
deep-sea hydrothermal ﬂuids (TAG C2) and Antarctic strains (TNB
I1), which is almost identical in terms of phylogenetics (Fig. 5). The
growth patterns of obtained strains from both regions were
observed ardently, and were found different in comparison to each
other, which ruled out the possibility of cross-contamination in the
laboratory (Okamoto et al., 2001). The stress tolerance ability of H.
variabilis and other Halomonas species may facilitate their wide
distribution across the globe in a wide range of habitats including
the so-called extreme habitats (Okamoto et al., 2004). H. variabilis
occurs in wide array of environments and was ﬁrst reported fromFigure 6. Neighbor-joining phylogenetic tree showing diversity of isolates afﬁliated to ge
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 rep
dataset. Names and origins of isolates are in bold. The scale bar indicates 0.01 substitutionthe Great Salt Lake (Fendrich, 1988), Antarctica (Okamoto et al.,
2001, 2004), sea ice (Bowman et al., 1997), both polar seas
(Mergaert et al., 2001), deep-sea hydrothermal plumes (Kaye and
Baross, 2000; Okamoto et al., 2001, 2004; Kaye et al., 2011) and
hot petroleum reservoirs (Orphan et al., 2000), suggesting that
H. variabilis has a cosmopolitan distribution.
In contrast to the cosmopolitan distribution of the strains
belonging to Hm groups 1 and 2, Hm group 3 consisted solely of
potentially endemic strains obtained from saline ponds near the
Syowa station, East Antarctica, and Mario Zucchelli Station, West
Antarctica (Fig. 5). Geographically these two sites are separated by
3000 km but the new isolated strains showed 100% similarity in 16S
rDNA sequences although different in physiology (Okamoto et al.,
2004). For these strains from Antarctica, there existed no closely
related type strains, and homology with the most closely related
sequences according to the DDBJ/EMBL/GenBank DNA database
(including environmental sequences) was as low as 97.7%. This
group was ﬁrst reported by Naganuma et al. (2005), but neither
closely related strains nor sequences have been obtained elsewhere
as of April 2012, suggesting that it may be an endemic species in the
saline ponds of Antarctica.
The genus Halomonas is considered cosmopolitan as many
species of this genus such as H. variabilis are widely distributed
(Kaye et al., 2011). However, some strains closely related tonus Bacillus based on near full-length 16S rRNA gene sequences. The percentages of
licates) are shown next to the branches. There were a total of 1331 positions in the ﬁnal
s per nucleotide site.
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restricted distribution and could be new species (Naganuma et al.,
2005). Similarly a bacterium Halomonas subglaciescola, isolated for
the ﬁrst time from Organic Lake in the Vestfold Hills (Franzmann
et al., 1987) and never been reported outside of Antarctica could
be unique to Antarctica (Vincent, 2000b). These results suggest that
Halomonas acts as representative of both cosmopolitanism and
potential endemism. Some more Halomonas spp. reported from
Antarctica with neither closely related strains nor sequences re-
ported outside of Antarctica are Halomonas glaciei (Reddy et al.,
2003) and Halomonas alkaliantarctica (Poli et al., 2007) could be
endemic to Antarctica. However we cannot consider these novel
species to be strictly endemic just because these are unrecorded in
other parts of the world. There could be a probability of ﬁnding
them in other parts of the world. In this case, it is more appropriate
to use the term ‘potentially endemic’ rather than endemic.
3.2. Cosmopolitanism
3.2.1. Isolated strains of spore-forming genus Bacillus
The strains belonging to the genus Bacillus are spore-forming.
However, unlike some other halophilic genera, not all the strains of
Bacillus are halophiles. Because of its spore-forming ability, this
makes it possible for these microbes to survive under harsh
conditions such as extreme temperature, salinity (Yukimura et al.,
2009), UV radiations and desiccation (Osman et al., 2008). Never-
theless, one particular species, B. licheniformis, is of great interest.
Until now it has been isolated from various environments, espe-
cially soil, and is tolerant of both salinity and high temperature, and
therefore well known as a stress-tolerant bacterium. In this study,
we isolated strains that could be classiﬁed as B. licheniformis, even
though at a small number of 28 strains. All isolated strains were
closely related to each other and grouped with B. licheniformis.Figure 7. Global distribution of Bacillus licheniformis strains. The Bacillus licheniformis strains
reported in previous studies). These near full-length 16S rRNA gene sequences (1331 bp) we
as follows: GU568188, FJ514812, AM913927, EU308302, EU073121, AM950314, EF471917, A
(Schlitzer, 2004) (Black and white) and from google data (colored ﬁgure). List of tables witHowever, it is noteworthy that 15 strains were 100% identical in
terms of their near full-length 16S rRNA gene sequences (Fig. 6).
Strains that were 100% similar were isolated from the following
areas: the Gobi Desert in China; yellow dust collected from Japan;
the Qaanaaq glacial moraines, Greenland; and Livingston Island in
Maritime Antarctica. Beside this study many other studies docu-
mented 100% similarity between the 16S rRNA gene sequences of
strains collected from different environments and localities. These
100% identical strains isolated over a wide range of habitats across
the world suggest the global distribution of B. licheniformis strains
(Fig. 7).
As evidenced by yellow sand blown into Japan from the Gobi
and Taklamakan Deserts, the cross-border and long-distance
transport of millions of tons of desert dust annually inﬂuences
ecosystems on a global scale (Grifﬁn, 2007; Uno et al., 2009). It has
also been reported that mineral particles originating from the
Taklamakan Desert, one of the sources of yellow dust, are blown all
the way to Greenland (Biscaye et al., 1997; Bory et al., 2003). Our
research indicates that there may be a chance for long-range
transport of halophiles from the mid latitudes to the polar
regions. It is easy to conceive that microorganisms are dispersed in
the atmosphere in the same manner as dust on account of their
small size, and are distributed to various environments as a result.
However, not many microorganisms can tolerate the stress of
aridity and ultraviolet radiations during atmospheric transport;
much less proliferate in their destinations. Evidence suggests that
spore-forming halophiles are capable of tolerating such stress, and
studies have shown that strains of the family Bacillaceae were even
predominant among microorganisms isolated from dust and the
atmosphere (Grifﬁn, 2007). This suggests that these halophiles
have wider distribution that may have been aided by spore
formation ability and successful revival on approach of suitable
conditions.are represented by red circles (isolates obtained in this study) and blue circles (isolates
re 100% identical to each other. The accession numbers reported in previous studies are
Y479984, AB188216, and DQ228696. This map was generated with Ocean Data View
h their respective headings.
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Microbial biogeographic studies in Antarctica are of immense
importance to understand their diversity, distribution, evolution
and existence of threatened species. The application of many new
molecular approaches challenged the ubiquity dictum and
provided evidences of microbial biogeography. However, so far the
knowledge of microbial biogeography is in its infancy and may
sometimes give rise to hazy information due to prevailing limita-
tions of molecular techniques in use. In this study we reviewed the
available literature on biogeography of microbes and found that we
cannot lump all the microbes under a single biogeographic model.
The results of this study suggested potential endemism in some
microbes as we isolated one potentially endemic strain from
Antarctica. At the same time current investigation suggested that
strains closely related to H. variabilis have adopted to high salinity
and pressure conditions, resulting in their wide distribution range.
Similarly the spore-forming ability of B. licheniformis helps it to
form inactive spores under harsh conditions, which revive on
approach of favorable conditions. These microbes, which have
developed special survival mechanisms to combat different envi-
ronmental stress, are found to be cosmopolitan. Hence this study
supports the concept of the middle-ground model that suggests
some microbes may obey the laws of endemicity while others have
cosmopolitan distribution.
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